ABSTRACT: A modified version of the CERC formula, which relates longshore sediment drift to deep water wave height and direction, has been used to define the equivalent wave height. The directional distribution of these wave heights and corresponding sediment transport rates and their analytical approximations are found using statistical analysis of high quality directional wave data measured simultaneously at two sites, Ashdod and Haifa. The directional distributions enable one to determine the directional shift between the average wave directions at both sites and to find the necessary corrections of wave directions at any location along the coast. The results emphasize the importance of accounting for wave directional shift in sediment transport calculations even when the locations are close. A detailed computation of directional shift for different ranges of wave heights is performed using correlation analysis of data sets. The corrections of wave directions at various locations along the coast are found by interpolation, and an excellent agreement between sediment fluxes at each location has been obtained when using the LITPACK package for littoral transport simulations with each data set.
INTRODUCTION
Longshore sediment transport is an important factor in shoreline change in response to the presence of marine structures, and, because of its practical engineering importance, it is treated and described in numerous monographs (e.g., Komar 1983; Sleath 1984; Bird 1985; Koutitas 1988; Rijn 1988; Fredsoe and Deigaard 1992; Nielsen 1992; Silvester and Hsu 1993) . The idea that longshore sediment is mainly driven by waves rather than tides and ocean currents became generally accepted in the early twentieth century, and a formula relating the longshore sediment transport rate to the height and direction of the waves was first proposed by Munch-Petersen in 1938 (see Fredsoe and Deigaard 1992) . Munch-Petersen's formula can be considered a forerunner of the Coastal Engineering Research Center (CERC) formula (Shore 1984) .
Recently, more complicated models for sediment transport calculations have been developed that analyze in detail waves and corresponding radiation stress fields. This enables one to determine the longshore current and the distribution of sediment concentration in the vertical direction and then to find the sediment transport and the concurrent morphological changes. The description of such a model is given in Fredsoe and Deigaard (1992) , and its implementation is made in an advanced LITPACK package developed by the Danish Hydraulic Institute (DHI), which is widely used in the current work.
The advantage of the CERC formula is that, due to its simplicity, it enables one to integrate contributions of waves arriving from various directions and to obtain an analytical expression for evaluation of sediment transport rate variations. The last are caused by changes of the mutual orientations of waves and the shorelines at different locations along the Mediterranean coast of Israel. Goldsmid and Golik (1980) , Bird (1985), and Carmel et al. (1985) describe general characteristics of Israeli beaches. It is well known that this coast is part of the Nile Littoral Cell, where the source of sediments is the 1 PhD Student, Dept. of Fluid Mech. and Heat Transfer, Tel-Aviv Univ., Israel. 2 Prof., Dept. of Fluid Mech. and Heat Transfer, Tel-Aviv Univ., RamatAviv 69978, Israel.
Note. Discussion open until September 1, 1999. To extend the closing date one month, a written request must be filed with the ASCE Manager of Journals. The manuscript for this paper was submitted for review and possible publication on August 27, 1998. This paper is part of the Nile Delta. With the exception of Mount Carmel, which protrudes into the sea forming Haifa Bay, the coastline is generally smooth with a gentle curvature expressed in the gradual change in orientation from N07ЊE in the north near the Carmel Head (Atlit North/Haifa South) to N36ЊE in the south near Ashkelon. Knowledge of the morphological regime and the net sediment transport in Ashkelon area is essential, because it determines the sediment flux entering the Mediterranean coast of Israel.
In the current work, estimates of sediment transport rates, employing an analytic expression based on the CERC formula, are obtained for the Israeli coast and are compared with the results of numerical simulations using the LITPACK model. The results of this section prove the importance of the correct determination of wave direction. In the next section, a statistical and correlation analysis of Ashdod and Haifa wave data is carried out to determine the directional shift for different wave height bands. Fine tuning of the wave directional shifts is carried out by applying the LITPACK package for sediment transport calculations. The corrected wave climate, including wave heights and directions, along the Israeli coast has thus been found. The sediment transport rates computed at any location, using each corrected data set (Haifa and Ashdod), are in excellent agreement within a few percent. It is worth noting that, without these corrections, the annual net sediment transport at some locations can even be in the opposite direction when compared with computations based on the original wave data.
WAVE DATA
In the present work, wave data sets measured simultaneously at two different sites, Ashdod and Haifa were used. The measurements were made by the Coastal and Marine Engineering Research Institute (CAMERI) on behalf of the Israeli Port and Railway Authority. At both sites, a Datawell Directional Buoy (Waverider) is deployed to acquire 30-minute records of surface elevation and directional spectral information. Generally, these records were acquired once each 3 hours, but during severe storm events, an attempt was made to collect data each hour. In the current work, only the limited information concerning the time series of significant wave height, wave period, and direction of wave propagation corresponding to the spectral peak is used. For simplicity, only the data points corresponding to the 3-hour time increment are selected. The data coverage is generally excellent, and, in the few cases of data gaps, an interpolation has been used to fill the gaps. The level of uncertainty in determination of the wave direction, due to the limited amount of information used for its evaluation, is relatively high -about Ϯ5Њ. This uncertainty is caused by random errors. Therefore, it can be expected that, during the integration of the wave data (e.g., in sedimentological calculations), these errors will cancel out. The data set for Ashdod starts in April 1992 and the set for Haifa begins in December 1993. Three years of overlapping data, from April 1994 until April 1997, are used in the current work.
The annual wave data have been divided in two seasons: ''summer,'' which includes the seven months from April to October, and ''winter,'' which includes the five months from November to March. In summer, the wave field is usually calm, the wave height rarely exceeding 1 -1.5 m, and the waves arrive on average from the west-northwest (WNW) direction. In winter, the frequency of storms is much higher and they are stronger than summer storms, but, at the same time, intervals of almost completely calm water are observed.
CERC FORMULA AND ITS INTEGRATION FOR WAVE STATISTICS
The CERC formula assumes a linear relationship between the longshore component of wave energy flux P l entering the surf zone and the immersed weight of sand moved I l :
where K is a dimensionless coefficient. The approximation for P l at the breaker line, where celerity C b = C g (the subscript b indicates values at the breaker line), is
where H b = wave height at breaking; and b = wave direction at breaking. The submerged weight of sediment transport can be expressed as
where Q = longshore sediment transport rate measured as solid volume; and s = relative density of sediment. It follows from the field measurements that the dimensionless coefficient K = 0. 39 [e.g., Shore (1984) , Komar and Inman (1970) ] when a significant wave height appears in (2). A useful form of the CERC formula that relates longshore sediment drift to deep water wave height and direction is given in Koutitas (1988) where k Ϸ 0.028. It is obvious that the value of the empirical constant k is site dependent and, perhaps, is a function of sand grain size. Nevertheless, there are indications in the different sources that this empirical coefficient is only weakly affected by grain size, the so-called CERC formula paradox (Nielsen 1988 (Nielsen , 1992 . Kamphius (1990) confirmed the weak grain size dependence.
Using further simplifying assumptions about the directional distribution of waves, the last formula can be integrated for all wave directions. Thus, an analytic expression can be obtained for the integrated sediment transport as a function of the relative shift between the equivalent mean wave direction and the shoreline orientation. All waves in each time series are divided into 5Њ slots. The directional distribution function p() presents the ratio of number of waves in the selected slot, N , to the total number of waves, N. Waves with various heights in any slot can be represented by an equivalent wave height computed in accordance with the chosen way of averaging. The simplest equivalent wave height is the mean wave height:
The wave energy is presented by the root mean square wave height:
In accordance with (6), the equivalent wave height can be defined as
Following this definition, the N waves of the equivalent height H eq produce the same sediment transport as all waves entering the 5Њ slot. Figs. 1(a and b) represent for Ashdod and Haifa, respectively, the directional distributions of equivalent wave heights H eq together with the average heights H av and the root mean square heights H rms .
The second important parameter -the wave probability distribution p() -is shown in Figs. 1(c and d) along with the equivalent wave height H eq . These two parameters allow one to calculate the annual longshore transport: 
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The three free parameters in (8) -A, w, and -can be computed using the least squares fit to the data. The parameter A determines the area of distribution function; w indicates the width of the distribution; and = mean wave direction in ā selected set of data and shows the shift of the center of the distribution function f () relative to the north. Because the shape of the Haifa wave data is more complicated and there are indications for two peaks in the distribution function, the parameters A and w computed for Ashdod have also been used to evaluate the mean wave direction for the Haifa set. At first glance, the last plot [ Fig. 1 is determined, as mentioned above, by the best fit of the Haifa wave data while using the A and w values that have been computed for Ashdod. It follows from the plots and from Table  1 that the mean wave direction deviates in Haifa from that in Ashdod, the difference for the two wave sets being at least 10.5Њ. This directional shift is the same for all waves in a set, independently of their height. The influence of different ranges of wave heights on the directional shift will be discussed in the next section. It follows from Fig. 1 and Table 1 that, on average, the waves in Haifa are slightly higher than those in Ashdod. This difference is small but noticeable. Using the best fit of f () and (7), the following expression for annual sediment rate Q in cubic meters per year is obtained:
Actually, the wave angle varies between /2 Ϫ s and /2 ϩ s , but, because the Gaussian function decays very fast and vanishes at the bounds, the integral I can be rewritten as following, and its value can be found in Gradshteyn and Ryzhik (1980) :
Hence, the net transport is equal to
The analytical expression (11) shows that the functional dependence of the net sediment flux on the mean wave direction is essential. For small values ( s Ϫ which usually occur ), along the Israeli coast from Ashdod to Haifa, the net sediment flux is proportional to this difference. From Ashdod to Haifa South, where the beach is still sandy, the azimuth s varies from 295Њ at Ashdod to 277Њ at Haifa South. It follows that (11) will result in a very strong southern net sediment flux in Haifa South when the Ashdod set of data is used, because ( s Ϫ is negative. The more appropriate Haifa data set leads ) to a northern transport. The preliminary computations of net sediment transport rate as a function of coast orientation s , using (11) and wave parameters from the Ashdod and Haifa data sets, are shown in Fig. 2(a) . Also shown in this figure is a plot of sediment transport simulations using the LITPACK package with the Ashdod wave data set. The details of the last computation will be discussed later, as, for the moment, the writers wish only to stress the striking resemblance of the two plots, which are obtained by two essentially different approaches. In Fig. 2(b) , the annual gross sediment transport rate is shown, which comprises the absolute values of the northern and southern sediment fluxes. It should be clarified that an analytic expression cannot be derived for the gross transport, and the integral in (10) was computed numerically for both northern and southern fluxes. It is obvious that, for sediment transport computations at any location, there is a need for determination of the mean wave direction at the location. Thē simplest assumption is that it varies linearly between Haifa and Ashdod and, hence, can be found by applying linear interpolation.
DIRECTIONAL SHIFT
As mentioned previously, the values of wave directions along the Israeli coast could be obtained by interpolation of the directional shift between mean wave directions at the Haifa and Ashdod sites. However, such an approach assumes that the directions of all waves are shifted by the same angle. Let us first discuss the underlying physics leading to the directional shift.
The main assumption is that storm events are related to areas or storm ''centers,'' and the waves propagating from these areas towards the coast are highly coherent (see the sketch in Fig. 3 ). The directional shift following from this assumption and that reported in the previous section have the same sign. It can also be easily seen that, if the distance from the storm center to the coast is significantly larger than the distance between Ashdod and Haifa sites, the use of linear interpolation for determination of the directional shift for any other location along the coast is appropriate. This assumption is not suitable for small waves, say, less than 0.5 m because their generation is mostly related to the local winds and coherency of waves cannot be expected. For these waves, the directional shift between different locations along the coast can be of any sign. When the wave height increases, the coherency of the waves at different sites along the coast should increase and a directional shift must be sensed. The bigger waves are naturally related to larger fetches and to greater distances from the coast. It is obvious from Fig. 3 that increasing the distance between the storm area and the specific site leads to a decrease in the directional shift. It follows from these considerations that, on one hand, the coherency of the waves improves for far-off sources and, concurrently, the directional shift becomes more definite, while, on the other hand, its value decreases with the distance of the storm center from the site. These opposite trends should lead to directional shifts of practically zero for the lowest and highest waves, and to nonmonotonous behavior of the directional shift in the whole range of wave heights.
To verify these assumptions and to determine the actual directional shift of the waves, a correlation analysis was carried out between the waves in both sets (Haifa and Ashdod). All waves in the Ashdod set are divided into slots according to wave height increments of 0.5 m. Because of the small number of waves greater than 3 m, all such waves are treated as being in one slot. The corresponding slots of wave heights and directions in the Haifa wave data set are obtained in consonance to the time of measurements. The mean values and standard deviations of wave heights and directions in each slot of each one of data sets and their correlation for both data sets are computed according to following expressions: where m 2x and m 2y = mean square deviation of the wave height/ direction distribution in Ashdod and Haifa, respectively; m xy = covariance of two variables; and r = correlation coefficient. In the above expressions, x denotes the wave height or direction of the Ashdod data set and y is used for the Haifa data set. The computation has been performed for each slot separately; the directional shift for each wave height range (slot) is defined as ␦ = Ϫ and wave height ratio as R H = H Haifa / Ashdod Haifa H Ashdod , where mean wave heights and directions computed for each slot (12a) are used. As mentioned above, this analysis is performed for the following wave height slots: 0 -0.5, 0.5 -1.0, 1.0 -1.5, 1.5 -2.0, 2.0 -2.5, 2.5 -3.0, and >3.0 m. The correlation coefficient for wave heights r H and wave height ratio R H , and the correlation coefficient for wave directions r and directional shift ␦ are presented in Tables 2 and 3 , respectively. To account for the possible delay of waves arriving from a storm center to one of the sites (Ashdod or Haifa), the calculations are carried out with various time lags. Due to the nature of the data, the time lag can be only an integer number with a minimal increment of 3 hours. The results of Table 2 confirm the expected nonmonotonic behavior of the wave height correlation coefficient and show again that waves at the Haifa site are somewhat higher (on the average, R H = 1.08) than those in Ashdod. A similar result was already noted in the previous section.
The results presented in Table 3 also confirm the nonmonotonous behavior of directional correlation as a function of wave height ranges. The negative directional shift at the lowest range of wave height 0.0 -0.5 m can be explained by the somewhat different structure of local winds at two sites. In the second range, 0.5 -1.0 m, the correlation is still very low, but the directional shift has a correct sign, indicating that, in part, the waves are arriving from a common coherent source and, mostly, are generated by the local wind. The correlation reaches high values, exceeding 0.8, in the third region and then falls down again. The minimum value of correlation and the relatively low value of directional shift in the region 2 -2.5 m indicate some balance between wave generation by coherent source and local wind. The directional shift and correlation increase with a further increase of the wave height. There is not enough data for detailed analysis of waves significantly higher than 3 m, for which directional shift can be expected to decrease. The results of Tables 2 and 3 show also that the suggested physical picture is oversimplified and, though it captures the main features, the real phenomenon is more complicated. Nevertheless, the results of Table 3 represent a good basis for wave directional shift computations along the Mediterranean coast of Israel, and so they are used in the subsequent numerical simulations.
LITTORAL DRIFT CALCULATIONS AT DIFFERENT SITES ALONG COAST
Computations of longshore sediment transport rates at various sites along the Israeli coast, from Ashkelon to Haifa, have been performed employing the LITPACK package. The simulations are carried out with both wave data sets (Ashdod and Haifa) using the directional shifts for each wave height range as determined in the previous section.
LITPACK is an advanced package for literal sediment transport computations, which uses a sophisticated approach involving wave radiation stress computations for evaluation of longshore sediment flux. The longshore transport rate Q is calculated using one-dimensional momentum equations for both velocity components and the turbulent diffusion equation for sediment concentration. The driving force in the momentum equations is the radiation stress induced by wave breaking. A detailed description of the approach can be found in Fredsoe and Deigaard (1992) . The limitation of the package is that it is most suitable for two-dimensional beaches with parallel depth contours. The model requires knowledge of the mean grain diameter d 50 and of the sediment spreading, g = and it does not put any constraints on the shape of 
Computations of the annual net and gross sediment transport rates, carried out using the time series of the Ashdod data set for various coastal orientations, are given in Fig. 2 . The gross sediment transport determines the morphodynamic activity of a specific region under the action of waves. It can be significant even in regions with zero net transport. Remarkably similar behavior can be noticed in Figs. 2(a and b) between results computed by the LITDRIFT module of the LITPACK package and by applying the modified CERC formula. The coast orientation, where the net transport vanishes and the gross transport has a minimum, corresponds to the integral mean wave direction. It follows from Fig. 2 that this direction is about 285Њ -286Њ, as predicted by the Gaussian presentation of the product f () = p() (Table 1) .
These computations also enable one to separate the net and gross transport between summer and winter. The results for the Ashdod data set are shown in Fig. 4 . As expected, the total annual transport practically coincides with that during the winter season, because the summer transport is very low. This result should be treated with care, because the sediment transport during the summer season might be important for computations in the vicinity of the marine structures.
Annual sediment transports of about 200,000 m 3 in the Ashdod area and more than 400,000 m 3 in the Ashkelon area (306Њ), are computed by two methods: (1) using an integral expression based on the CERC formula; and (2) from LIT-DRIFT module simulations. These figures seem to be plausible. In particular, the sand trapped by the Ashdod port, which is the biggest marine structure on the Israeli coast, provides similar estimates. It should be emphasized that the CERC formula has been used with the original coefficients and no additional assumptions were made except those suggested by Koutitas (1988) in order to relate the sediment transport to wave characteristics in the deep sea instead of at the breaking line.
Computations of longshore sediment transport at different sites along the coast, from Ashkelon to Haifa, have been performed using both the Haifa and the Ashdod data sets. To correct the wave directions at each site, the directional shifts determined by correlation analysis in the previous section are applied. Linear interpolation is used to calculate the appropriate directional shift and the wave height ratio at various locations along the coast. It should be emphasized that the variations of the latter are very moderate; their whole range constitutes 8%. The agreement between computed rates of sediment fluxes applying both sets of wave data was very reasonable, but systematic trends were noticed; the sediment transport rate in Ashdod computed by employing the Haifa data set was somewhat greater than that obtained using the local Ashdod data, and vice versa. Therefore, an additional directional shift correlation of 1.5Њ for all wave heights has been made. The results of the computations of annual sediment fluxes are given in Fig. 5 . There is practically no difference between the sediment fluxes computed employing the Ashdod [ Fig. 5(a) ] and the Haifa [ Fig. 5(b) ] data sets. On the other hand, when both sets of wave data are used without corrections, the uncorrect net transport, shown in Figs. 5(a and b) , can differ even in sign at the same location. The necessary corrections of wave directions and wave heights for each of the data sets at various sites of the coast are given in Table 4 . Thus, each of the data sets can be used for determination of the wave climate at any chosen location along the coast between Ashkelon and Haifa.
It is worth emphasizing the limitations of the procedures and the assumptions for which the wave data and the computations of the sediment transports are valid:
1. The wave data sets are limited in time (three years of 
1 -1.5
1.5 -2 (8) overlapping data off the Ashdod and Haifa coasts). During these three years, unusually strong storm events did not occur. It would be advantageous to verify the results of the current work using more complete data sets when they eventually are acquired. 2. The computations of sediment transport are valid for regions where the beach is sandy, the bathymetry varies slowly, and the chosen cross section is far enough from marine structures and from regions where the shoreline orientation undergoes fast modifications. It is obvious that, in the latter regions, more advanced two-or threedimensional models are necessary. Description and implementations of such models can be found in Watanabe et al. (1986) and de Vriend et al. (1993) .
CONCLUDING REMARKS
The use of a modified CERC formula with an appropriate statistical distribution of wave directions in the deep water enabled the writers to derive an analytical expression for the annual net longshore sediment transport. This expression shows a very strong dependence of the sediment transport on a mutual orientation of a characteristic wave direction and shoreline azimuth. Sets of high-quality directional wave data measured at two different sites (Haifa and Ashdod), separated by 110 km along the coast of Israel, enabled us to estimate the correct characteristic wave directions at various sites. The current research demonstrates that the use of uncorrected wave directions based on a single data set can result in an erroneous calculated sediment transport and, for some locations, can lead even to a wrong direction for the net calculated sediment transport. It follows also from this work that only high quality wave directional data can be used to find the wave directional shift and to establish the necessary corrections at various sites. Although the integral directional shift for the whole wave data, found by applying the CERC formula, demonstrates a correct trend, the underlying physics indicates that the directional shift should be strongly affected by wave height and this dependence is nonmonotonous.
Therefore, the required corrections of wave directions and wave heights at various sites has been found by executing a thorough correlation analysis of both wave data sets that accounts for various ranges of wave heights. The sediment transport computations at different sites along the coast, carried out by employing an advanced LITPACK package and corresponding corrections of wave directions and wave heights, confirmed the validity of the suggested approach. A fine tuning of corrections of wave directions in both sets was sufficient to provide a perfect agreement of computed sediment fluxes at any location on the coast, using each wave data set. Thus, the wave climate can be established at any location along the Mediterranean coast of Israel, providing that it is known at one of the sites, for example, either at Haifa or at Ashdod.
Although the derivation of the analytic expression and the data analysis rely on directional wave data measured at a specific site on the Israeli coast, the conjectures from this work are expected to be common to other sites, because the underlying physics for wave directions' shift at various locations is of a general nature. The importance of accounting for this shift follows from the fact that it affects significantly the longshore sediment transport at various locations even of the relatively short Israeli coast.
